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In the context of the SU(3)c ⊗ SU(3)L ⊗U(1)X ⊗U(1)N (3-3-1-1) extension of the standard
model, we show how the spontaneous breaking of the gauge symmetry gives rise to a residual
symmetry which accounts for dark matter stability and small neutrino masses in a scotogenic
fashion. As a special feature, the gauge structure implies that one of the light neutrinos is
massless and, as a result, there is a lower bound for the 0νββ decay rate.
I. INTRODUCTION
The lack of a viable dark matter (DM) candidate within the Standard Model is one of the
most pressing issues requiring new physics. In addition to new particles, the existence of DM
requires new symmetries to stabilise the corresponding candidate on cosmological scales, e.g. R-
parity symmetry in supersymmetric schemes [1]. Another important open question in need of new
physics is that of neutrino masses, which are necessary to account for neutrino oscillation data [2].
In order to deal simultaneously with the DM and neutrino mass issues, “low-scale” realisations
where dark matter appears as a radiative mediator of neutrino mass generation, known as scotogenic
models, are appealing alternatives. In its original version [3], the symmetry stabilising dark matter
is also responsible for the radiative origin of neutrino masses in a very elegant way. Yet, in this case
as well as in other proposals [4, 5], the stabilisation symmetry is introduced in an ad hoc manner.
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2Extending the Standard Model gauge symmetry can provide a natural setting for a theory of
dark matter where stabilisation is automatic [6–8]. Such electroweak extensions involve the SU(3)L
gauge symmetry, which remarkably explains the observed number of fermion families from the
anomaly cancellation requirement [9–11]. In the extended models discussed in [6–8], DM stability
follows naturally from the spontaneous breaking of the extended gauge symmetry into the residual
matter-parity symmetry, MP , a non-supersymmetric version of R-parity.
We show here how scotogenic neutrino masses and automatic DM stabilisation are intrinsically
linked in a 3-3-1-1 model [12]. The present construction has the special feature of predicting that
one of the light neutrinos is massless, which, in turn, implies that there is a lower bound for
neutrinoless double beta decay rate. This feature arises in a novel way when compared to other
schemes in the literature, such as the “incomplete” seesaw mechanism [13] or similar radiative
mechanisms [14].
II. THE MODEL
In our model [12], the electric charge and B−L generators are given by Q = T3−(1/
√
3)T8+X
and B − L = −(2/√3)T8 +N , respectively, where T3 and T8 are the diagonal SU(3)L generators,
while X and N are the U(1)X and U(1)N generators, respectively. Notice that, due to the extra
U(1)N symmetry, the B − L symmetry is fully gauged. The lepton and scalar fields and their
respective transformations are summarised in Table I. In the lepton sector, the left-handed fields
appear as SU(3)L triplets, while the right-handed are SU(3)L singlets. The scalar sector contains
five triplets and one singlet.
Symmetry breaking takes place when scalar fields acquire vacuum expectation values (vevs),
according to the pattern below,
〈σ〉 = vσ√
2
, 〈χ〉 = 1√
2
(0, 0, w)T , 〈η〉 = 1√
2
(v1, 0, 0)
T , 〈ρ〉 = 1√
2
(0, v2, 0)
T , 〈ζ〉 = 1√
2
(0, v′2, 0)
T . (1)
The spontaneous symmetry breaking process can be divided into two main steps
SU(3)c ⊗ SU(3)L ⊗ U(1)X ⊗ U(1)N vσ ,w−−−→ SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗MP (2)
v1,v2,v′2−−−−−→ SU(3)c ⊗ U(1)Q ⊗MP ,
for vσ, w  vEW and vEW = (v21 + v22 + v′22 )1/2 = 246 GeV. After the breaking a residual matter-
parity symmetry, MP , is present
MP = (−1)3(B−L)+2s , (3)
3Field SU(3)L U(1)X U(1)N Q B − L MP = (−1)3(B−L)+2s
laL 3 −1/3 −2/3 (0,−1, 0)T (−1,−1, 0)T (+ +−)T
eaR 1 −1 −1 −1 −1 +
νiR 1 0 −4 0 −4 −
ν3R 1 0 5 0 5 +
NaR 1 0 0 0 0 −
η 3 −1/3 1/3 (0,−1, 0)T (0, 0, 1)T (+ +−)T
ρ 3 2/3 1/3 (1, 0, 1)T (0, 0, 1)T (+ +−)T
χ 3 −1/3 −2/3 (0,−1, 0)T (−1,−1, 0)T (−−+)T
σ 1 0 2 0 2 +
ζ 3 2/3 7/3 (1, 0, 1)T (2, 2, 3)T (+,+,−)T
ξ 3 2/3 4/3 (1, 0, 1)T (1, 1, 2)T (−,−,+)T
TABLE I: Lepton and scalar content with a = 1, 2, 3 and i = 1, 2.
where s is the particle’s spin. As only the MP -even scalar fields get vevs, MP remains as an
absolutely conserved residual symmetry, in such a way that the lightest amongst the MP -odd
particles is stable, see Table I.
Taking into account the scalar fields in Table I, we can write down the most general renormal-
isable potential as
V =
∑
s
[
µ2s(s
†s) +
λs
2
(s†s)2
]
+
s1>s2∑
s1,s2
[
λs1s2(s
†
1s1)(s
†
2s2)
]
+
t1>t2∑
t1,t2
[
λ′t1t2(t
†
1t2)(t
†
2t1)
]
(4)
+
µ1√
2
ηρχ+
µ2√
2
(ζ†ρ)σ + λ1(χ†η)(ζ†ξ) + λ2(χ†ξ)(ζ†η) + λ3(χ†η)(ξ†ρ)
+λ4(χ
†ρ)(ξ†η) + λ5(ηζχ)σ∗ + h.c. ,
where s = η, ρ, χ, σ, ζ, ξ (all scalars), and t = η, ρ, χ, ζ, ξ (scalar triplets only).
A. Neutrino masses
When it comes to the Yukawa interactions, we can write the Lagrangian below
−Llep = yeab laL ρ ebR + yNab laL χNbR + hab laL (lbL)c ξ∗ +
(mN )ab
2
(NaR)cNbR + h.c. , (5)
where ye, yN , h and mN are complex 3 × 3 matrices, with mN being symmetric due to the Pauli
principle. In contrast, h, the Yukawa coupling which governs the anti-symmetric contraction of
three triplets, is necessarily anti-symmetric in family space.
4Charged lepton masses come from the first term in Eq. (5) when ρ acquires a vev: M e =
yev2/
√
2. The neutral leptons NiL and NiR mix at tree-level when χ acquires a vev, and the
mixing angle is defined by tan(2θN ) = 2y
Nw/mN .
Let us now turn our attention to the active neutrinos νL. As neither the first component of χ nor
the second of ξ, both MP -odd, acquires a vev, neutrinos are massless at tree-level. Nevertheless,
neutrino masses are radiatively generated via the loop diagram in Fig.1.
FIG. 1: 1-loop “scotogenic” neutrino mass.
In order to calculate this diagram, we go from the flavour basis where the internal scalar fields,
χ01 and ξ
0
2 , mix with each other as well as with η
0
3, to the physical basis. The physical fields are
three CP-even and three CP-odd neutral scalars, (S,A)1,2,3, which mix according to two mixing
angles, (θS,A)1,2, as shown in Ref. [12]. Thus, the one-loop neutrino masses can be written as
mabν =
h∗acsNcNc1
8pi2
{
mN1
[
sS2cS2
(
Z
(
m2S1
m2N1
)
− Z
(
m2S2
m2N1
))
− sA2cA2
(
Z
(
m2A1
m2N1
)
− Z
(
m2A2
m2N1
))]
(6)
−mN2
[
sS2cS2
(
Z
(
m2S1
m2N2
)
− Z
(
m2S2
m2N2
))
− sA2cA2
(
Z
(
m2A1
m2N2
)
− Z
(
m2A2
m2N2
))]}
cd
yN∗db + {a↔ b} ,
with sx ≡ sin θx, cx ≡ cos θx and Z(x) = x1−x lnx. The antisymmetryic nature of the Yukawa
matrix h implies that the neutrino mass matrix is of rank two, leading to one massless neutrino.
This unique feature provides a novel origin for the masslessness of one neutrino to be contrasted
with the usual models relying on missing partner mechanisms.
All fields running inside the neutrino mass loop are odd under the exactly conserved matter-
parity symmetry. Therefore, the lightest among such particles, either a scalar or a fermion, is
stable and can play the role of a WIMP dark matter.
5B. Neutrinoless double beta decay
The model predicts Majorana neutrinos, which allows for the possibility of neutrinoless double
beta (0νββ) decay to take place [15]. The dominant contribution to 0νββ decay is the standard
one and depends on the effective Majorana mass, defined as
〈mββ〉 = | cos2 θ12 cos2 θ13m1 + sin2 θ12 cos2 θ13m2e2iφ12 + sin2 θ13m3e2iφ13 | , (7)
where mixing angles and Majorana phases are neatly expressed in the symmetric parametrisation
of the lepton mixing matrix [13], and the neutrino masses ma obtained from Eq. 6.
It is well-known that, in a generic model, this amplitude can vanish for normal-ordered neutrinos,
currently preferred by oscillations [2]. However, in our model, since one neutrino is massless, 〈mββ〉
never vanishes, as shown in Fig. 2.
FIG. 2: Effective Majorana mass vs relative Majorana phase for the case of inverted (green) and normal
(yellow) mass ordering. Experimental limits and future sensitivities are displayed as horizontal bands.
III. CONCLUSIONS
We have proposed an SU(3)c ⊗ SU(3)L ⊗U(1)X ⊗U(1)N model where dark matter stability
follows from the spontaneous breaking of the gauge symmetry. Neutrino masses are generated at
loop level and mediated by DM in a scotogenic fashion. Our construction features a triplet scalar
6with anti-symmetric Yukawa couplings to neutrinos. This leads to the prediction of a massless
neutrino and a lower bound for the 0νββ decay rate. Contrary to models where a massless neutrino
arises from an ad hoc incomplete multiplet choice, here it is an unavoidable feature of the theory.
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